Abstract-Wireless telecommunications is experiencing a massive penetration of wireless devices and an exponential growth in wireless applications. To accommodate the expected service requirements with the available radio resources, we present a new radio resource exchange scheme for a smart grid connected cognitive radio system, in which independently harvested energy can be stored in the smart grid in the form of on-grid credit. The secondary system will gain spectrum usage by either forwarding primary data or transferring energy credit directly to the primary system. In particular, to maximize the overall energy saving while meeting the throughput requirement, the utilities of both systems are optimized by jointly designing the subchannel assignment scheme with power control. First, for any given subchannel assignment, we have derived the optimal power allocated by both primary and secondary systems to each subchannel. Then, the characteristics of the subchannel assignment scheme are analyzed, and the complexity of finding the optimal assignment is reduced. Finally, a novel joint subchannel assignment and power control scheme is proposed to decide whether and how to cooperate by comparing the utilities of both systems with and without cooperation. Simulations results are presented to verify the optimality of the derived scheme.
I. INTRODUCTION
T HE rapid deployment of new wireless devices and applications has spurred a growing demand for wireless radio spectrum and power resources. To make spectrum access more flexible by allowing unlicensed (secondary) users to access the radio spectrum under certain restrictions, the cognitive radio (CR) paradigm adopts a dynamic spectrum management model as the spectrum licensing scheme [1] . From the greening perspective, CRs enable spectrum sharing with smart operation and agile spectrum access [2] . However, spectrum efficiency does not mean energy efficiency, as the Shannon capacity formula shows the tradeoff between the bandwidth and power [3] .
Cooperative relay network is a promising concept to optimize CR and provision green communications. The basic idea is to have multiple nodes in the network that help each other's transmission to achieve diversity [4] - [6] . Cooperative relay can reduce transmission power owing to the shorter transmission range and can potentially generate less interference and yield high signal-to-noise ratio (SNR) [7] . In cooperative relay based CR networks, the primary system can engage appropriate secondary user (SUEs) to relay its transmission so as to improve primary transmission performance, e.g., enhancing achievable throughput/reliability and/or saving energy. In return, the primary system yields a portion of spectrum access opportunities to relaying SUEs for secondary transmissions. The strategy of cooperation can be 1) time-division multiple access (TDMA) based three-phase cooperation, i.e., the primary system broadcasts in the first phase, the secondary system relays in the second phase, and the secondary system transmits in the third phase; b) frequency-division multiple access (FDMA) based two-phase cooperation, in which the primary system divides its spectrum into two orthogonal subbands, and broadcasts on the first subband in the first phase. The secondary system relays on the same subband in the second phase, and continuously transmits in both two phases on the second subband [8] .
In addition to the data and spectrum exchange, the concept of energy and spectrum exchange has attracted considerable attention since energy harvesting (EH) is introduced into wireless communication networks. Energy harvesters take fuel from readily available ambient sources, including wind, solar, biomass, hydro, geothermal, tides, and even radio frequency (RF) signals [9] , [10] . To overcome the dynamics and uncertainties of the green energy sources, three strategies are adopted in existing approaches. The first one is energy storage provisioning, which will facilitate the time-domain energy management so that energy can be saved for future use [11] . The second one involves a backup nonrenewable energy source, such as the on-grid energy that will guarantee the smooth operation of the system in case the harvested energy is insufficient [12] , [13] . The third one is radio resource exchange among neighboring nodes, such as the energy cooperation scheme that can share one system's excessive energy with the other [14] .
The above-mentioned three strategies can complement each other in the renewable energy powered wireless access networks. Guo et al. [15] studied a grid-connected time-slotted wireless access system consisting of two neighboring base stations (BSs), which are powered by both on-grid energy and energy harvested from their own energy harvesters. Two nodes can share each other's radio resources including spectrum and power. Limited by the green energy generating rate at a time slot (TS), centralized and distributed power, and spectrum sharing algorithms are designed to minimize the energy costs while satisfying the quality of service requirement of each BS in terms of the downlink throughput demand. Zheng et al. [16] proposed a CR system with a primary transmitter and receiver pair, which owns the spectrum and energy, and a secondary transmitter and receiver pair, which lacks both spectrum and energy. Since the secondary transmitter has good channel quality to help serve the primary receiver, primary data can be amplified and forwarded through the secondary transmitter. In exchange, the primary system will not only share spectrum, but also transmit energy to the RF energy harvester equipped in the secondary transmitter. For a given amount of primary power supply and primary data rate requirement, the simultaneous data and energy transmission schemes are jointly designed with the secondary power allocation scheme to maximize the secondary data rate.
To minimize the impact of dynamics of green energy sources on the network performance, the modernized electricity grid has allowed the distributedly harvested green energy to be contributed back to the smart grid in exchange for on-grid energy credit [17] , [18] . Consequently, in the green energy powered wireless access networks, the smart grid is an "unlimited energy storage device" with back up on-grid power supply. Moreover, energy trading between BSs can facilitate the radio resource exchange between the grid-connected wireless access nodes [19] , [20] .
Bayram et al. [20] introduced the energy trading framework for smart grid with distributed energy harvesters. By dynamically scheduling the green energy in the smart grid, the energy usage can be balanced among the grid-tied consumers. With high energy efficiency and low carbon output, energy trading is a win-win solution for end users and smart grid, and various pricing schemes have been proposed [21] . Chen et al. [22] introduced the energy storage unit attached to the energy consumer, and Wang et al. [23] proposed a game theoretic model to design the dynamic pricing scheme between multiple buyers and sellers. For smart grid powered wireless access networks with distributed data storage and energy harvesters, we have studied the content delivery scheme by considering both the content exchange and energy sharing among grid-tied BSs [24] .
In this paper, we conduct a comprehensive study on the radio resource exchange by taking the smart grid into account. For a downlink orthogonal frequency-division multiplexing (OFDM) system, the smart grid connected primary BS (PBS) and secondary system are independently equipped with green energy harvesters. The secondary BS will gain spectrum usage by forwarding primary data or transfer its saved on-grid energy credit to the primary BS.
Different from the above-mentioned TDMA/FDMA based multiphase cooperation, the primary traffic is broadcast in the first TS, and the spectrum is divided into two parts in the second TS, one for primary data forwarding and the other for secondary data transmitting. For such a system, we propose and investigate a joint spectrum assignment and a power control scheme such that the energy savings of both systems are maximized while the throughput requirements of the primary and secondary systems are satisfied. 
II. SYSTEM MODEL
Consider a time-slotted CR network with a PBS and a secondary BS (SBS). Both PBS and SBS are equipped with independent energy harvester, such as solar panel and wind turbine, as shown in Fig. 1 . An SBS will trade its own energy storage for spectrum usage by either forwarding energy to the PBS through the power grid or cooperatively forwarding the primary data.
A. Energy Model
The green energy generating rate of PBS (BS i = 1) and SBS (BS i = 2) are P gr i , i ∈ {1, 2}, which are assumed to be constant for a duration of one subframe. 1 In case the dynamically arrived green energy is greater than the energy consumption, the surplus green energy will be injected into the smart grid in exchange for on-grid energy credit. The conversion efficiency from green energy to on-grid energy credit is θ, which is contributed by the power transmission line and the grid-tie inverter that converts between the harvested dc energy and the transferred ac energy.
On the other hand, if the green power harvested by the energy harvester is insufficient to support all the data transmission, BSs can also withdraw power from the smart grid using the on-grid energy credit. So, the smart grid is considered to be an "unlimited energy storage device" for all the grid-connected BSs in the wireless access networks. In addition to providing energy storage capability, smart grid can be used as the green energy transfer unit between two BSs. Suppose at the beginning of a subframe, the on-grid energy credit available at BS i is P on i . Then, the maximum amount of energy that SBS can forward to PBS is P on 2 + P gr 2 . Note that the transfer efficiency of on-grid energy credit is 1, and the transfer efficiency of green energy is θ ≤ 1. However, P on 2 and P gr 2 are the same for the secondary traffic; so, SBS will first transfer the on-grid energy credit to PBS. When the credit P on 2 is exhausted, the green energy will then be transferred to PBS. The corresponding energy forwarding process from SBS to PBS is given as follows:
where δ is the energy received by PBS, and δ is the energy transferred by SBS. Note that we assume the energy forwarding process is unidirectional, i.e., from SBS to PBS.
B. Subchannel (SC) Allocation Model
Assume the total bandwidth occupied by the primary system is divided into N SCs, each with bandwidth B. Since SBS will serve as a half-duplex relay to forward primary data in exchange for spectrum usage, each subframe is divided into two TSs. In the first TS, PBS will broadcast primary data to primary users (PUEs) and SBS; in the second TS, SBS will occupy the whole spectrum to forward the primary data and transmit secondary data. As shown in Fig. 2 , in the second TS, SCs are divided into two sets of SCs: N PU and N SU , where N PU consists of SCs that are allocated to forward the data of PUEs, and N SU is the corresponding set of SCs assigned to the SUE.
For the sake of convenience, we assume there are N PUEs and N SUEs in the system. Each UE is assigned to one SC. Then, the subchannel allocation at the second TS satisfies
where N = {1, . . . , N}, and the empty intersection set between N PU and N SU indicates that one SC can only be assigned to one user.
C. Capacity Model
Since SBS serves as a half-duplex relay for the primary system in SC j ∈ N PU , the decode and forward (DF) scheme is adopted. Denote P i,j as the transmission power allocated to the jth SC by BS i. Thus, the achievable downlink throughput (rate) of the primary system is contributed by two parts, the direct link between PBS and PUE (j ∈ N SU ), and the DF-relay system capacity (j ∈ N PU ). Assume the block-fading channel response is approximately constant within two TSs and flat within each narrow-band SC (block), the sum of additive white Gaussian noise Shannon Capacity associated with each SC can be expressed as follows [25] :
where 1/2 is due to the half-duplex of the relay system. With H i,j being the channel gain between BS i and the jth PUE,
is the normalized SNR associated with the jth PUE and BS i, when both PBS and SBS allocate one unit of transmission power for each SC. γ 1,j is the corresponding The capacity of the secondary system is given as
where
is the normalized SNR associated with the jth SUE and SBS, and H 2,j denotes the SC gain between SBS and the jth SUE.
D. Utility Model
Define R i , i ∈ {1, 2}, as the throughput requirements of the primary and secondary network. Each system will try to deliver the requested traffic while increasing its own on-grid energy credit. The remaining on-grid energy credits of PBS and SBS after having delivered the traffic are defined as P on 1 and P on 2 , respectively
where P 1 is the total energy transmitted by PBS for primary traffic. P 1 = j ∈N P 1,j .
where P 2 = P SU + P PU is the sum of energy transmitted by SBS for both primary traffic and secondary traffic. In particular, P PU = j ∈N P U P 2,j is the primary data forwarding power transmitted by SBS, and P SU = j ∈N S U P 2,j is the power transmitted by SBS for secondary traffic. We define the utility functions of PBS and SBS as follows:
where J ≥ 0 is the per energy saving credit , and J(P
is the total energy saving in BS i.
III. PROBLEM FORMULATION AND ANALYSIS
The cooperation between PBS and SBS relies on the exchange of energy and spectrum. PBS pays SBS with spectrum resource N SU . In return, SBS pays PBS with (P PU + δ ). According to the presented system model, there is a sequential structure of decision-making.
First, by comparing the utilities, PBS determines whether to cooperate with SBS and how to cooperate. In particular, without cooperation, PBS determines the power allocation scheme {P 1,j , j ∈ N }. If cooperation is beneficial in terms of improving utility, PBS decides {N SU , P PU , δ}. Then, given the decisions made by PBS, SBS aims to maximize its own utility by designing the power allocation scheme {P 2,j , j ∈ N SU }. Therefore, this smart grid connected green CR system can be analyzed by a Stackelberg game with the following two utility maximization problems:
(P2) max
The above Stackelberg model can be solved by finding the Nash equilibrium of each subgame, i.e., the strategy profile that serves each player best, given the strategies of the other players. Since the priority of the primary system makes PBS the leader in the Stackelberg game, we use backward induction to find the equilibrium strategy of SBS, i.e., the follower in the game. Given the derived equilibrium strategy of SBS, the equilibrium strategy of PBS will be found next.
A. Power Allocation Scheme for the Secondary System
Being the follower of the game, SBS will choose its Nash equilibrium strategy by deriving the optimal solution of (P2). Given PBS's decision on the payment PBS made in terms of spectrum resources N * SU , maximizing the utility of SBS is equivalent to minimizing the total power consumption used to deliver the secondary traffic.
According to the water-filling algorithm, the optimal power allocation scheme for secondary traffic is
where the Lagrangian multiplier λ SBS is given as
where | • | indicates the number the elements in the set.
B. Power Control Scheme for the Primary System
With SBS's best response P * SU in (11) and PBS's decision on N * PU , the equilibrium strategy of PBS, i.e., maximizing the utility in (P1), is equivalent to designing the power allocation scheme {P * 1,j , j ∈ N }, {P * 2,j , j ∈ N * PU }, and the power flow scheme δ * , so that the difference between δ * and P * 1 is maximized
where θ θ θ {x} = θ if x is true, and θ θ θ {x} = 1 otherwise.
As we can see from (1), δ is an increasing function of δ . So for any P PU , the optimal δ that will maximize the utility of PBS in (13) will satisfy c3 with equality
Consequently, the maximization problem in (13) can be transformed to the following power minimization problem:
According to Huang and Ansari [26] , if SCj is assigned to the PUE in the second TS, i.e., j ∈ N * PU , then the primary capacity of the jth subchannel can be maximized when P 1,j γ 1,j = 2 k =1 P i,j γ i,j . So, it is intuitive to define a threshold P th j and SNR ratio γ j as follows:
where [•] + = max{•, 0}. P 2,j is limited by P th j because when P 2,j exceeds the threshold value, the capacity of the jth channel will remain the same even if P 2,j increases.
Define the SNR ratio between the PBS-PUE link and SBS-PUE link as follows:
Suppose all of the N SCs are sorted in descending order of γ j , then the following properties are obtained for the optimal power allocation.
Lemma 1: The total primary energy consumption of PBS can be minimized when the power allocation scheme satisfies the following inequalities for any j ∈ N * PU .
where j * is the subchannel with the smallest index in N * PU , i.e., the first common channel that both PBS and SBS provide transmission power for primary traffic.
The proofs of Lemma 1 is provided in Appendix A. The rational is that when the forwarding power is provided to the primary system, SBS prefers SCs with relatively large γ 2,j , i.e., small γ j . With Lemma 1, the primary throughput and forwarding power consumption are given as:
With (19) and the categorization of P 1 and P PU , the optimization problem in (15) can be transformed into four standard convex optimization problems, one for each of the following cases, and the Karush-Kuhn-Tucker (KKT) conditions can be applied to solve the transformed problems [27] ⎧ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎩ Case I:
Case II:
Case III:
Case IV:
C. Subchannel Assignment Scheme
The analysis described in Section III-B has provided the optimal power control scheme for any given N * PU ⊆ N . In this section, the SCs in N will be prescreened, so that we do not need to consider every subchannel assignment combination.
Lemma 2: If c2 in (15) is not satisfied with equality, the optimal SC set assigned to PUEs in the second TS N * PU is a subset of N c , c ∈ {1, 2, 3, 4}.
Case III: N 3 = {j ∈ N |γ j > 0, γ j < θ}
The proof of Lemma 2 is provided in Appendix B. As compared with cases I and II in (21) , N * PU in cases III and IV seem to provide a better solution with greater P PU and more subchannel choices to forward primary data in the second TS. This "counterintuitive" result is reasonable owing to the fact that some of the SCs with SNR ratio γ j less than γ * j may be allocated to SBS to deliver secondary data in the second TS. (20) will yield different energy conversion efficiencies on P PU and P 1 in the objective function of (15) . For example, in case I, energy conversion efficiencies of P PU and P 1 are both θ. On the other hand, the upper limit of SNR ratio is γ j * = γ 1,j * /γ 2,j * < 1. This indicates the channel condition between PBS and PUE j * is worse than that of the link between SBS and the j * th PUE. So, we will increase P 2,j * while decreasing P 1,j * , i.e., increasing P PU and decreasing P 1 simultaneously.
Remark 2: In the optimal solution, if c2 in (15) is satisfied with equality, i.e., P *
, then the SNR ratio of the first common channel j * is
The results in Remark 2 can be derived by solving the KKT conditions of (15) with (19) .
IV. OPTIMAL STRATEGIES OF PBS AND SBS
By adopting the optimal resource allocation results derived in the previous section, we will derive the utilities with cooperation. As the leader of the game, PBS will have to decide whether to cooperate with SBS or not, by comparing U 
A. Utilities Without Cooperation
In case there is no cooperation between PBS and SBS, there is no energy-spectrum exchange between SBS and PBS, i.e., P * PU + δ * = 0, and N * SU = ∅. The corresponding utility of SBS without cooperation is given as
Similar to the analysis described in Section III-A, PBS's utility without cooperation U NC PBS can be obtained by solving the following convex optimization problem:
where the SCs in N are assigned to primary traffic in both TSs, and the corresponding primary capacity is C NC PBS = B j ∈N log 2 (1 + P 1,j γ 1,j ) .
B. Utilities With Cooperation
With the best response from SBS in (11) , and the characteristics of the optimal power control scheme and subchannel assignment scheme derived in Sections III-B and III-C, we have designed the following optimal (OPT) algorithm, which can obtain the maximum primary utility by iterating all the selected SCs for the secondary traffic. The primary utility will be calculated in each iteration based on the best response of the secondary system.
V. SIMULATIONS RESULTS
To present the advantage of cognitive spectrum access, the heterogeneous system scenario consisting of a primary macro BS and a secondary small BS is adopted for simulations. The spatial efficiency is high in this setup and cognitive spectrum access can alleviate the inter-tier interference problem. For simplicity, we assume SBS and PBS have complete knowledge of the channel state information.
The simulation parameters are given in Table I . The SUEs are placed with uniform density in the small cell. To allow the SBS to have better channel quality and help serve the PUEs, the PUEs are not scattered all over the macrocell. Instead, a virtual cell is selected as the area which originates from SBS with a radius of 60 m (1.5 times of the small cell radius). The PUEs are uniformly placed within the coverage area of the virtual cell. This simulation setup provides SBS-PUE links that are comparable to the PBS-PUE links in terms of channel quality. The performances of the designed optimal algorithm are obtained by averaging over 100 independent snapshots by Monte-Carlo simulation. Two groups of heuristic algorithms, two-phase frequency division multiplexing (FDM) scheme and As shown in Fig. 3 , the optimal cooperation outperforms the two heuristic algorithms because the subchannel assignment results of the two-phase FDM scheme and three-phase TDM scheme are predefined. All of the three schemes with cooperation yield higher utility for the secondary system than that of U NC SBS . The reason is that when PBS chooses to cooperate, the utility of SBS will be the secondary throughput C SBS = R 2 . If there is no cooperation, the utility of SBS will just be the average energy saving, i.e., J(P SBS's perspective, cooperation is always beneficial because the data rate requirement is much higher than the energy budget.
According to the utility of PBS in Fig. 4 , the primary system is willing to cooperate when its data rate requirement is low. For instance, with
The reason that the trend is not clearly shown in Fig. 4 is that only white noise is considered in the system. Consequently, in the utility function, the order of magnitude of the throughput is larger than that of energy. When R 1 exceeds a certain threshold, the cooperation between PBS and SBS is unlikely to happen, because the total data forwarding power and on-grid power credit that SBS can offer is limited by P on 2 + θP gr 2 . When R 1 is very high, the given amount of spectrum and energy resources in the PBS may not be able to deliver both the primary traffic and secondary traffic, and the cooperation will be unsuccessful. When U C SBS ≥ U NC SBS , the average energy saving of PBS shown in Fig. 5, i. e., J(P
, is higher when PBS chooses to cooperate. So a successful cooperation is also beneficial to PBS. Note that the proposed optimal algorithm to solve the utility maximization problems in (8) and (9) will compare the cooperation and noncooperation utilities, and choose the optimal scheme.
VI. CONCLUSION
In this paper, we have explored the characteristics of smart grid and introduced it into the green energy powered CR networks. The joint subchannel assignment and power control scheme is proposed to maximize the downlink utilities of both the primary and secondary systems. The unified model of data and energy cooperation has differentiated the transfer efficiency of the on-grid energy credit and the green energy distributively harvested in the BS. We have analytically derived optimal power allocation schemes of primary and secondary BSs. The on-grid energy credit transfer between two BSs and the subchannel assignment algorithms have also been proposed. Simulations results have demonstrated that when the total available radio resources in PBS and SBS are able to support both the primary and secondary data delivery, the cooperation between PBS and SBS is mutually beneficial in terms of maximizing the utilities. The derived results can be extended to the existing the two-phase FDM and three-phase TDM cooperative schemes between a PBS and a SBS.
APPENDIX A PROOF OF LEMMA 1 Lemma 1 will be proved by contradiction. 1) Suppose in the optimal solution, j 1 and j 2 (j 1 < j 2 ) are the two SCs with P 2,j ∈ (0, P th j ), where j = {j 1 , j 2 }, as shown in Fig. 6 (a) . Then, adopting the power shifting technique in [29] , as shown in Fig. 6 (b) , PBS will shift ΔP 1 amount of power from SC j 2 to SC j 1 . SBS will shift ΔP 2 amount of power from SC j 1 to j 2 , such that the capacity of SC j 2 will remain the same γ 1,j 2 ΔP 1 = γ 2,j 2 ΔP 2 .
Meanwhile, to keep the capacity of SC j 1 , PBS will have to allocate an additional ΔP 1 to SC j 1 . 
By the above two equations, with γ j 2 ≤ γ j 1 , we have
So, the total power consumption of PBS P 1 will decrease after power shifting, while P PU will remain the same. The utility will increase after the power shifting. This contradict with the assumption. The power shifting between the two SCs will continue until P 2,j 1 = 0 or P 2,j 2 = P th j 2 .
2) As we can see, 0 < P 2,j 1 ≤ P th j 2 and 0 ≤ P 2,j 2 < P th j 2 is not optimal. Hence, if P 2,j has reached the threshold P th j > 0, all of the SCs with greater indexes must have P 2,j = P th j , j > j. Meanwhile, if P 2,j < P th j , no data will be forwarded over SCs with smaller indexes, i.e., P 2,j = 0, j < j.
APPENDIX B PROOF OF LEMMA 2
According to (16) , SCs with γ j ≤ 0 will yield P th j = 0. So, there is no need to allocate power to SC j for the purpose of data forwarding. The intuition is that negative SNR ratio γ j is only possible when γ 1,j ≤ γ 1,j . In this case, direct communication between PBS and PUE will yield more capacity than the relaying through SBS. Moreover, for the first common channel j * ∈ N PU , the optimal power allocated to SC j * is P i,j * , i ∈ {1, 2}. Then, the following power shifting should not increase utility of the primary system 
For case I with P PU ≤ P gr 2 − P * SU , P 1 < P gr 1 , the power shifting is feasible, i.e., c 2 and c 3 will still be satisfied after power shifting. We have to make sure that the objective function in (15) 
